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Abstract. Fibres are present in many biological tissues and their geo-
metric properties can be a useful indication of their role. Hence, imaging
of nano-fibre volumes is useful for a number of different biomedical ap-
plications. It is possible to image nano-fibres with a variety of imaging
modalities such as 2D Scanning Electron Microscopy (SEM) or 3D X-ray
Computed Tomography (XCT). The 3D XCT has some advantages over
conventional SEM. The principal ability is to gain an understanding of
the 3D structure of objects. However, XCT has limited resolution com-
pared to SEM. This means SEM can be useful to provide more detailed
specific estimates of the sizes of structures such as estimates of the di-
ameters of fibres. Image processing of these images has resulted in the
need for a gold standard to help demonstrate the correct functioning and
validation of designed algorithms. Simulation can play an important part
in the validation of algorithms. However, previous works have performed
limited simulations. Some methods simulate fibres as straight vectors.
The approach taken here is more realistic, allowing for curving, overlap-
ping and other more realistic generation of fibre volumes with the use
of splines. The limited resolution in the imaging processes are also con-
sidered here, another important factor. Simulation results are compared
with real world imaging data from both SEM and XCT. The generated
results appear to show similar properties and could potentially be used
as gold standards for the validation of image processing algorithms.
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1 Introduction
Biomedical tissues contain a variety of structures. Fibres are commonly found in
biomedical tissues and their characterisation can be an important consideration
in various tasks. For instance, elastin and collagen fibres have different roles and
are found through out the body such as in the articular cartilage e.g. [5] and
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elsewhere such as in scar tissue [6]. Fibres can also be synthetically engineered
for a number of roles such as acting as tissue scaffolds [8]. The geometry and
other aspects related to the structure of the fibres can play an important role in
these situations [9]. Imaging can therefore be very useful in characterising fibres
and hence their biomedical functions.
Imaging of nano-fibres is possible with a number of different imaging modal-
ities such as 2D based Scanning Electron Microscopy (SEM) or 3D X-ray Com-
puted Tomography (XCT). The 3D XCT has some advantages over conventional
2D SEM, principally the ability to gain an understanding of the 3D structure of
objects. However the resolution in 3D XCT is not as good as the resolution of
2D SEM. This means 2D SEM can be useful to provide more detailed specific
estimates of 3D structures. The two sources of imaging information can how-
ever be combined to provide more detailed understanding of sizes of fibres in
3D. This was the approach taken in our previous work in [2], where electrospun
poly(caprolactone) PCL nano-fibre samples were prepared and then imaged with
SEM and XCT modalities.
A number of authors have sought to simulate nano-fibres for the purposes
of acting as a gold standard for testing algorithms [1] and for gaining insights
into a number of aspects. This has included estimating pore sizes in 2D by [3]
and orientation distributions in [4]. Fibres were modelled as straight lines in 2D
in these papers. It is possible to simulate fibres in 3D as in our previous work
[1]. However a limitation in all these works is that the fibres are simulated as
straight vectors, rather than something more realistic such as splines or similar.
Other authors have investigated the use of more advanced fibre models, such
as to simulate the fibres in muscles [7]. Little detail was given except in terms
of the presentation of the idea of using B-Splines to model the fibres.
A further disadvantage of these methodologies and others is that the imaging
process is not taken into account. The limited resolution in 3D can limit the
accurate estimation of various measures such as angles and pore sizes. This
work therefore considers a more holistic fibre simulation process, in 3D, taking
into account the limiting resolution in the imaging process.
2 Methodology
For this work, a simulation pipeline was devised to simulate the properties of
electrospun nano-fibre mats. The simulation process is summarised in Fig. 1.
Initially N fibres are simulated in 2D, φs(t) = ((xt, yt)|0 ≤ t ≤ 1). They are





P 2l Bl,k(t× L) (1)
where P 2l are 2D control points with l = [0, n]; Bl,k are basis functions of order k,
t ∈ [0, 1] and L is defined so that the argument of the basis functions extends to
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Determine random start, end and control points 
(X,Y) for N fibres
Fit 1D splines (X,Y)
Lay first fibre in 3D volume
Determine maximum heights
Fit 2D spline to maximum heights
Make 2D image with next spline with 
maximum heights grey levels
Fit 3D spline to 2D spline + maximum heights











Convolve with 3D PSF d Convolve with 3D PSF dx10
Surface rendering with zero transparency
Volume rendering with variable 
transparency and colours
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Fig. 1. Illustration of the processing pipeline used here to simulate the properties of
electrospun nano-fibres mats.
the range over which the basis functions are defined. The control points are ran-
domly sampled from a uniform distribution to vary randomly along overlapping
channels in the 2D space.
The result of this random B-spline generation process can be considered
purely in the form of a 2D Cartesian representation with
Φi(x, y) =
{
δ(x− u, y − v) where (u, v) ∈ φi(t),
0 elsewhere;
(2)
where δ(x − u, y − v) is the shifted Dirac delta which is infinitesimal thin but





δ(x, y)dxdy = 1. Some
examples of discrete approximations of
∑N−1
i=0 Φi(x, y) for different numbers of
N are illustrated in Fig. 2.
An important aspect here is to extend this to 3D and to make sure that the
fibres do not physically intersect. Thus, fibres are placed sequentially, starting
from the bottom and then building up. If a fibre is located in a position that is
directly above or crosses another fibre or fibres then the height of the newly laid
fibre is modified at points depending on the positioning of those fibres. This is
illustrated in Fig. 3.
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Fig. 2. Illustrations of varying numbers of b-splines with N = 30, 100 and 300. Top
rows shows the centre lines of the fibres and the bottom row shows each fibre individ-
ually colour coded.
Fig. 3. Illustrations of the effect of the positioning of fibres on top of other fibres.
Fibres at a greater height have a different colour value. From left to right with N = 30,
100 and 300.
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The process of determining the points through which a fibre should be raised





where Φj(x, y) is the 2D representation of the j
th laid fibre at pixel location
x, y and ∆z controls the vertical distancing and hence vertical positioning of
the fibres. Then the ith laid fibre can then be modelled in 3D with θi(t) =
((xt, yt, zt)|zt = Mi(xt, yt), 0 ≤ t ≤ 1). This process is illustrated in Fig. 4.
Fig. 4. Further illustrations of the effect of the positioning of fibres on top of other
fibres for a single case of N = 4. Left shows four fibres with one overlapping another.
This overlapping fibre is the last to be laid and is shown in the middle and right views
in 3D being positioned above the underlying fibre.
The 3D fibres are also modelled here as B-splines so that zt ≈ Mi(xt, yt)




P 3l Bl,k(t×L). They
can then be considered in 3D with
Θi(x, y, z) =
{
δ(x− u, y − v, z − w) for (x, y, z) ∈ θi(t),
0 elsewhere.
(4)
The resulting volume consisting of N fibres can then be constructed as the
sum of the individual volumes, i.e.
Θ(x, y, z) =
N−1∑
i=0
Θi(x, y, z). (5)
The electrospun fibres have different intensity properties in these two imaging
domains. A related aspect and difference between the SEM and XCT imaging
modalities is the difference in the underlying image resolution. The sampling
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process can be considered to involve convolution with a Point Spread Function
(PSF), i.e.







Θ(x− u, y − v, z −w)G(u, v, w)dudvdz. (6)
Here, a stationary and symmetric Gaussian PSF is assumed for G(x, y, z) for
both SEM and XCT simulation:










A wider PSF for the XCT is selected for the simulation of the XCT images.
This means that the information is more blurred and the effective resolution is
reduced.
3 Experiments and Results
3.1 Imaging
Previously, for our work in [2], Electrospun poly(caprolactone) (PCL) nano-
fibre samples were prepared. SEM images were obtained for gold-coated samples
(sputter coater Q150R, Quorom Technologies) with a Zeiss EVO MA10 scanning
electron microscope with electron back-scatter capability. A Zeiss Xradia Versa
520 Microtomography X-Ray Computer Tomography (XCT) system was also
used for XCT image acquisition with an image voxel size of 0.15x0.15x0.15µm3.
Exemplar SEM images can be seen in Fig. 5. Exemplar XCT images can be
seen visualised using volume rendering in Fig. 6.
3.2 Simulation
A fibre volume consisting of N = 700 fibres was simulated. The volume consisted
of 1000×1000×1000 voxels. A discrete approximation Θ(x, y, z) was used, where
each contributing δ(x, y, z) was replaced with a discrete unit impulse function.
This yielded a 3D volume with fibres of finite width of at most 1 voxel, Θ′N (x)
where x = (x′, y′, z′) are integer values. Morphological 3D dilations were then
used to approximate fibres with somewhat greater diameters. A 3D almost cubic
structuring element, B with dimensions 4× 4× 4 was used, i.e. Θ′N (x)⊕B.
As described, 3D dilations were used to provide reasonable width fibres.
Execution time took approximately 30 minutes on a workstation with a Xeon
core processor and 64GB of RAM. Python eco-system was used together with
scipy and scikit-image.
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Fig. 5. SEM images of a fibre sample at two different resolutions for the two samples.
Fig. 6. 3D visualisation of sub-volumes or XCT regions of interests of a sample with
(left) aligned fibres and (right) random fibres. Units are in mm.
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Fig. 7. Some exemplar cross sections through the volume. A PSF with σ = 3 was used
here. These slices help to illustrate the way that fibres have been laid, appearing to
show some success in the designed system process. However, there are limitations to
what can be perceived in these 2D cross sections.
3.3 Fibre Laying Process
It is interesting to observe whether the fibres were laid in a way that is consistent
with the overall goals of the simulation process. Therefore some exemplar cross-
sectional slices are presented in Fig. 7.
The exemplar cross sections appear to show success in the designed approach
in terms of ensuring fibres are not intersecting. It can also be observed that
interaction of the fibres depends on the action of the PSF as well.
3.4 PSF Width Selection
A number of different width PSF were considered, initially for simulation of the
SEM images. Some results can be seen in Fig. 8.
The different results represent a range of different scenarios. Some more suc-
cessful than others. For instance, the result in the top left is demonstrating
excessive beading. This is actually a possible scenario in the generation of syn-
thetic fibres. However, it has less potential uses compared to fibres that have
been generated in a more consistent fashion, where continuity is preserved. The
two results in the top middle and top right are convolved with a greater width
PSF. These results appear to be closer in similarity with the appearance of fibres
in XCT based images. In contrast to those, the images in the bottom of Fig. 8
appear more consistent with SEM based acquired images, as shown in Fig. 5.
However the bottom middle image is from the underside of the generated volume
which appears to be less similar to the appearance of the actual data. This is
partly due to it being the first layer in which the fibres are laid.
3.5 3D XCT Simulation
The above results can be considered potentially useful for a SEM like simulation
result. The same data was also convolved with a wider PSF (σ = 10) to simulate
the effective resolution for XCT. Down-sampling was also performed by a factor
of 10 resulting in a volume of 100×100×100 voxels. Results of volume rendering
can be seen in Fig. 9.
The generated volume renderings appear to be somewhat similar to the vol-
ume renderings of the real data. Higher ranges in intensities result when there
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Fig. 8. Some surface rendering results for different PSFs for SEM simulation. Top left
has σ = 2; top middle and right have σ = 5. Bottom have σ = 3. When the PSF is too
narrow (i.e. σ = 2), then artefacts associated with the limited discrete approximation
of the fibre geometries become apparent. If the PSF is too wide, then the fibres start
to merge, which is more similar to what can be observed in XCT.
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Fig. 9. Volume rendering after the simulation of the XCT imaging process.
are clusters of fibres in the same vicinity due to the action of the PSF in (6).
This can be similarly observed for the volume renderings of the real data, as
shown in Fig. 6.
4 Discussion and Conclusions
A fibre simulation process has been described. Some basic steps have also been
performed to simulate the imaging processes for two modalities with different
imaging resolutions, such as SEM and XCT. Results appear to show some inter-
esting similarities with real imaging data. Future work will include investigations
into potential applications of these simulations.
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